Hastelloy X in this study was applied in jet engine F-15 air fighter as shroud to isolate the engine from outer skin. After 15 years operation at elevated temperature the mechanical properties decreased gradually due to the precipitation of continues second phases in the grain boundaries and precipitated inside the grain. The crack happened at the edge of the shroud due to the thermal and mechanical stress from jet engine. Selective TEM analysis found that the grain boundaries consist of M 23 C 6 carbide, M 6 Ccarbide and small percentage of sigma(σ) phase. Furthermore, it was confirmed the nano size of σ and miu (μ) phase inside the grain.
Introduction
Hastelloy-X is a Ni-base superalloy and widely used in aerospace and nuclear industries due to its high corrosion resistance and good strength in elevated temperature. Commercial Hatelloy X consists of coarse γ grain and Molybdenum rich carbide (M6C). The carbide volume fraction is less than 1 % as reported by Baek E et al. 1) Shroud is a thermal barrier in jet engine F-15 air fighter and usually exposed to a high temperature for about 15 years operation. This material is made of Hastelloy X superalloy based on the composition and the mechanical properties are extremely degraded after suffering in high temperature for a long time. The thermomechanical degradation of the shroud was intensively investigated by Baek E. et al. 1) and it was found that the precipitated carbides acted as the origin of the crack initiation site. In a separated work, which has been reported elsewhere, [2] [3] [4] [5] [6] precipitation of intermetallic compounds ρ,µ and carbides have 대한용접․접합학회지 제33권 제5호, 2015년 10월 411 Welding is a very important process which is used for the manufacturing of and repaired crack of shroud. The crack generally happened at the edge of shroud due to the thermal and mecha-nical stress from jet engine operation to degrade shroud component. Furthermore, owing to the high cost of the shroud, it is economically more viable to repair the degraded component than to replace them with a new part. Welding is required to repair the crack in the degraded component, but it is known that the properties of weld zone (WZ) and heat affected zone (HAZ) are inferior to the wrought shroud properties. The inferiority of WZ of some superalloy materials are originated from brittleclose-packed (TCP) phases as investigated by some researches. 2, 3, [7] [8] [9] [10] Fabrication and repair of shroud are performed using conventional Tungsten inert gas (TIG) welding. Nevertheless, the high heat input generates a huge effect on the HAZ resulting in the grain growth and melting of eutectic constituents. 11, 12) This study focuses on the investigation of fatigue and high temperature tensile properties of repaired crack shroud by TIG welding.
Experiment
The shroud was provided by the Institute of Aviation Technology, South Korea. It is 0.7 mm thick and chemical composition is given in table. 1. This material has been used for almost 15 years as a thermal barrier in jet engine F-15 fighter. Solution treatment of shroud was done at 1175ﾟC for 5 min in argon environment (henceforth referred to as ST shroud).
The repair welding (henceforth referred to as welded shroud) was made by TIG (with filler) and the procedure was prepared in table 2. The type of filler metal as AMS 5798 standard, 3/16 wire filler diameter. Specifically, the joint was made by butt joint.
The high temperature tensile specimen was prepared according to the ASTM E8 and was done by Zwick 10 ton class Z100 tensile tester. High cycle fatigue test at room temperature was done for shroud, welded shroud and ST shroud. High cycle fatigue test was done at frequency 50 kHz with load ratio (σmin/σmax) = 0.1 and samples were prepared according to the ASTM E466. The maximum stress applied during testing was varied from 400 MPa to 520 MPa.
The basic research data were obtained by scanning electron microscope (SEM), and transmission electron microscope (TEM). A SEM Hitachi FE-SEM 4800 with 15 kV along with energy dispersive spectroscopy (EDS) analysis was utilized to examine the change of microstructure in the 
Results and Discussion

Microstructure of Shroud
Fig . 1 shows the SEM micrograph of shroud. The microstructure consist of equiaxed austenite grain, coarse M6C carbides, continues film of grain boundary carbides and TCP phases. Total volume fraction of precipitate reaches 15%. Liu et al. 11) has proposed the precipitation of M23C6 carbide at grain boundaries during heat treatment. Furthermore, it is well published that M 6 C carbides is an unstable carbide as it can decompose to the new precipitate during aging. 12, 13) Bai et al. 14) published that M6C carbide can decomposed into M 32 C 6 carbide with a prolonged exposure. After exposure in elevated temperature for a long time, the TCP phases were precipitated in the region near the prior carbides. Fig. 2 shows TEM observation of grain boundary precipitate consist of M 23 C 6 carbide, M 6 C carbide and new σ phase. It can be seen that σ was precipitated from M 23 C 6 carbide as identified by selected area diffraction analysis in Fig. 2 . EDS analysis for σ phase indicates that the precipitate is rich of Cr elements, and has the composition (wt%) of: Cr36.7, Mo28.5, Fe13.3, C0.46, Ni20.8. Besides, ovate µ phases were observed around M 6 C carbide in the grain interior as shown in Fig. 3 . The corresponding pattern confirms the µ phase which has a rhombohedral crystal structure with a lattice constant aµ = 8.9 Å.
After solution treatment most of the precipitate was dissolved back into matrix. It was found the decreasing of precipitate by 10% after solution treatment at 1175ﾟC for 5 minutes. Most of the fine M23C6 carbide was dissolved into the matrix and only remain the very coarse M 23 C 6 and M 6 C carbide. It was expected that the dissolution treatment of precipitate into the matrix during solution treatment promoted profuse secondary hardening.
Microstructure of Welded Shroud
In the previous publication 8) , it was investigated the formation of intermetallic TCP phase in the WZ due to the elements segregation during solidification in subgrain level. The intermetallic was found inside the interdendritic region. A similar observation was well published by many authors. [2] [3] [4] [5] 15) Perricone and DuPont 7) proposed the formation of σ and P phase in the WZ of alloy C-22 (22%Cr, 13%Mo) by calculated multi component liquids projections and solidification modeling. It was also confirmed in the previous study 8) that the formation of TCP phase in the WZ do not cause any solidification cracking inside the WZ due to the usage of proper filler metal.
More interestingly observation was found in HAZ. In general, the grain growth was occurring. Low heat input (7.5 kJ/cm) promotes the dissolution of grain boundary precipitate into the matrix. The dissolution can potentially compromise the strength of the HAZ since the temperature act as solution treatment to dissolve the precipitate into the matrix. In addition, the liquation still happened though in a very small area. The liquation happened due to the simple melt of segregated precipitate in the grain boundary. For high heat input condition (16.67 kJ/cm), the intergranular HAZ cracking was clearly observed. The rapid heating during welding in respect of the thermal cycle does not permit sufficient time to dissolve second phases in the grain boundaries and within the grain. Those second phases melt and form liquated products with a very low bonding strength with austenitic matrix. In the previous study, room tensile test was done and shows that low heat input sample is superior to that of high heat input samples associated with the formation of grain boundary liquid film. 8) Furthermore, geometry is also one of the considerable aspects. Geometry factor is considered since the weld bead of high heat input sample is much bigger than low heat input samples.
High temperature tensile test and High cycle fatigue test
In this study, the high temperature tensile test was done for low heat input welded shroud and shroud. The result is shown in Fig. 4 . The elongation of post-welding shroud drops significantly as the testing temperature increase. Fig.  5 shows that all samples fail in the base metal (BM). It can be deduced that WZ and HAZ of low heat input is strong enough to prevent the tensile failure in room and high temperature. High cycle fatigue test was done to shroud, ST shroud and low heat input welded shroud. Fig. 6 shows the results of stress applied versus fatigue cycle number (S-N curve).
The S-N curve shows a general trend that the fatigue life increases with decreasing cyclic stress amplitude. Note that arrow indicate that the failure of specimen did not occur during test. ST shroud shows a significant improvement in the fatigue number in comparison with the shroud. The significant effect of solution treatment can be pointed out by the dissolution of brittle precipitate during solution treatment and increase the strengthening element in the matrix. The cycle fatigue number for welded sample shows inferior though the test was done in a lower stress amplitude. Furthermore, it is suggested to apply solution treatment for used shroud before conducting a repair welding. Fig. 7 shows the fatigue failure for σmax = 240 MPa, σmax = 320 MPa, σmax 380 MPa and σmax = 400 MPa.
All the failure was happening in the HAZ, starting from the edge of bead. The stress concentration and liquated product simultaneously cause the failed position in the HAZ. In the previous study, it was found that room temperature tensile test fractured in the base metal for low heat input sample, and in HAZ for the high heat input sample. It was proposed that the main reasons were liquation and geometrical factor. High heat input sample shows a bigger of front bead and back bead size compare to the low heat input samples and generate a higher stress concentration at the edge of bead. For high cycle fatigue test, the stress concentration at the edge of the bead should be more sensitive and cause an earlier fracture compare to the nonwelded samples. Thus, it can be pointed out that the geometrical and small liquation part is the main reason for earlier fatigue fracture on welded sample.
Conclusions
1. σ-phase is precipitated from M 23 C 6 carbide in the grain boundary while µ phase is precipitated from M6C carbide.
2. HAZ of low heat input welded sample is strong 3. Liquation and geometry factor simultaneously cause an earlier fatigue fracture in HAZ of welded sample.
4. It is suggested to apply solution treatment before conduction a repair welding of used shroud.
